A potential alternative of sewage sludge reuse is the substitute of raw material for Portland cement. This paper overviews Japanese implementation of this and discusses the best selection of pretreatment for this purpose. The pretreatment includes dewatering, incineration, and lime treatment.
Introduction
Most sludge reuse is green field-related in many parts in the world. Composting was widely implemented for the purpose. However Japan is different. Any land application has not been widely accepted, because of fearing land contamination caused by heavy metals. Japan experienced many health problems such as Minamata mercury and ITAIITAI cadmium diseases in the 1960s. Accordingly, the composted sewage sludge accounts for as low as a quarter of the total reuse (15% of the whole sewage sludge).
The most popular disposal method is incineration. The second would be thermal solidification in big municipalities. An example of the thermal solidification is making slag, bricks, or tiles. Because of a difficulty in disposing even the incinerated ash, the number of the municipalities that are interested in thermal solidification has been increasing. A problem of this is the high operation cost. The production cost of the ash origin bricks is twice as high as traditional ones, for example. An alternative destination of sewage sludge was developed. The most promising appears to be a Portland cement plant. The sewage sludge is reused as a raw material of Portland cement. An amount of sewage sludge accepted by existing Portland cement plants has shown a rapid increase in the last few years. At present, an amount of the sludge for the purpose is more than 25% of the total in Japan in 2000.
In this paper, the authors discuss several aspects related with this application, including pretreatment (incineration or dewatering) and reduction of nitrogen oxide (NOx) emitted from the Portland cement manufacturing process.
Application of sewage sludge to Portland cement plants for raw material
A Portland cement plant generally consists of three processes as shown in Figure 1 (Hirota, 1998; Japan Sewage Works Association, 2001) . They include 1) a process of grinding raw materials where raw materials such as limestone, clay, silica sand, and iron ore are ground, 2) the burning process where the ground raw materials are pyro-processed at approximately 1,450°C in a coal-fired kiln to produce clinker, and 3) the finishing process where a clinkergypsum mixture is ground to be Portland cement.
Sludge cake
The composition of incinerated ash is similar to that of clay as shown in Table 1 . It is supplied as a substitute for clay in the raw materials. Dewatered sludge is injected directly into the kiln or sometimes after blending with waste oil.
Recently in Japan, the amount of the dewatered sludge that is supplied to Portland plants reached one billion kilograms a day, which accounts for one half of the total supplied to the Portland cement plants. An advantage of this application is that there is no need for a sewage plant to have a new process. However, dewatered sludge is more costly to transport due to a larger volume than incinerated ash. It may be economically feasible only when the distance between the two plants is short. It has also the potential risk of spill or bad odors during transporting. Therefore, a careful handling should be a "must" to prevent the implementation from the risk. A typical pretreatment is "drying". One example of this is a process of "lime blending", which is implemented in Nara Prefecture government (Japan Sewage Works Association, 2001). When the sludge cake is blended with quick lime, moisture is removed from the sludge cake by the heat of hydration, which results in volume reduction. The reaction is shown in Eq. (1).
CaO + H 2 O → Ca(OH) 2 + 15.33 kcal/mol (1) When the quicklime is blended at a rate of 100%, the moisture content of the cake is reduced from 80% to 5%. The end product, called dried powder sludge, is sterilized, and odorless. It is easy to handle and welcomed to a Portland cement plant. It works for a raw material of Portland cement and fuel at the same time as the concentration of volatile solids is 40% and lime is 60%. The end product (dried sludge) includes particles of approximately 100 to 200 µm average diameter. It is low in fluidity, and of very good jettability. It can be stored for more than 10 days without spoiling. The flow sheet of the process is shown in the Figure 3 (Suzawa, 1999) . The exhaust gas discharged from the whole process contains dust and ammonia gas as high as 2,400 mg/l. The exhaust is then treated with a bag filter, chemical scrubbing, and activated carbon absorption processes. Its composition is shown in Table 1 .
There are several other drying processes that can be applied to dry the sludge cake. Char making, deep fry, or drying-pelletizing is an example (Spinosa, 2001) .
NOx reduction
Denitrification of exhaust gas from kiln An advantage for "the direct dewatered sludge" application is its mechanism of self-NOx reduction. A rotary kiln in which raw materials are sintered at temperatures of 1,450°C emits a rather large volume of NOx gas. When dewatered sludge is injected into the kiln, ammonia contained in the dewatered sludge reacts with the nitrogen oxides as follows:
(2) Figure 3 Flow sheet of dried powder sludge manufacturing facilities Figure 4 shows an example of NOx emission from a kiln of a Portland cement manufacturer where dewatered sludge is injected. It is seen that the sludge cake can reduce 40% of the NOx.
Conclusions
As various technologies for reuse of sewage sludge have been developed and implemented at a full scale, much sludge is reprocessed. Among them, noticeable is the rise in use as a Portland cement raw material. There are three streams for the destination. They are ones starting from incinerated ash, dewatered sludge, or dried sludge powder. Among the three, a method of directly injecting dewatered sludge into Portland cement kilns seems to be the most attractive. Actually, the amount processed by the method is growing rapidly. This tendency can be attributed to the advantages of neither requiring new incinerators nor generating additional running cost. Direct injection into kilns (demonstrated by operational results at Kumagaya city in Japan) proves that the NOx concentration in the exhaust was reduced by 40%.
In the near future, this will be a main stream for reuse of sewage sludge in Japan. 
